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Members of the Bovini genus are classified as grazers. Smaller species of ruminants are not expected to be able to digest particularly fibrous diets and are more often classified as intermediate feeders or browsers. Anoas (Bubalus spp.) are interesting in this respect as they are the smallest representatives of the Bovini, being only 10-20% of the body weight of other species of the same genus. A feeding trial was carried out with four lowland anoas (Bubalus depressicornis) at London Zoo, investigating diet digestibility by total fecal collection and passage rates by the simultaneous administration of a fluid (Co-EDTA) and a particle (Cr-mordanted fibre o2 mm) marker. The diet consisted of legume hay, dairy cow pellets, browse, fruits, and vegetables. The achieved digestibility coefficients averaged 7074% for dry matter and 5777% for cell walls (NDF). Mean retention times for the total gastrointestinal tract were 2574.1 hr for fluid and 3976.7 hr for particles, respectively. The ratio of forestomach particle:fluid retention was 2.1470.40. Additional information regarding anoa diets in captivity was collected through a survey targeting all institutions that have anoas in their collection currently. Suitability of the provided diet was evaluated using the ratio of unstructured:structured feeds (unstructured feeds pellets, grains, produce; structured feeds ¼ roughage, browse) on a dry matter basis and an assumed complete consumption of offered unstructured diet items, with only the remaining intake capacity being met by structured items. The use of this ratio reliably predicted one facility that reported chronic diet-related problems. As
INTRODUCTION
The lowland anoa (Bubalus depressicornis), found in Sulawesi, is the smallest extant species of wild cattle, weighing about 100 kg. It is a solitary species whose habitat includes mangrove, beach, reverie, lowland, and lower mountain forests (Mustari, 1995 (1998) (1999) , using data from the World Conservation Union and the International Species Information System, analyzed the captive status of 81 endangered species showing that the population of lowland anoa had just been maintaining itself in captivity. Popenoe (1981) suggested that anoas feed on grasses, ferns, saplings, palm, ginger and fallen fruit. Nowak (1999) claimed that they feed on grass, herbs, leaves, fruit, and marsh and aquatic plants. They are also said to ingest a variety of fruits, shoots, leaves, grasses, ferns, and even moss, large watery figs of Coro (Ficus Variegatus) as they fall and ripen on the forest floor (Anonymous, 2003) . These are notably different feeding preferences to other Bovini species of larger size that feed mainly on grass (Hofmann, 1973; 1989) . Nevertheless, Brambell (1977) and Prins et al. (1983) classified the anoa as a grazing ruminant, without giving reasons for this choice. Captive anoas have been fed mostly a diet of hay and herbivore pellets (Pournelle, 1965; Brambell, 1977; West, 1979; Parker, 1990; Nowak, 1999) .
From the viewpoint of digestive physiology, it is interesting to know whether the anoa has retained a gastrointestinal tract (GIT) morphophysiology that resembles those of its closer relatives, the larger buffaloes, or whether it shows adaptations of an intermediate feeding type sensu Hofmann (1973 Hofmann ( , 1989 . From the viewpoint of zoo management and species conservation, it is important to know what kind of diet these animals should receive in captivity because their nutrition contributes to their health status and reproductive success (Dierenfeld, 1997) . To advance our knowledge of this species and to find answers to our questions, we carried out a feeding trial with four captive lowland anoa and evaluated the responses to a nutrition questionnaire sent out to all anoa-keeping facilities.
METHODS
Four captive Lowland anoas housed at London Zoo, United Kingdom, were used for the feeding trial, which took place on 24-30 June, 2003. The ages of the animals were 15, 18, 5, and 3 years for Herbert, Tonia, Xena, and Sparky, respectively. Their estimated body weight was 90, 95, 85, and 90 kg. Animals were housed in their regular pens (8 Â 4 m or 15 Â 6 m, concrete floor) and were either kept separated at all times (Xena and Sparky), or they were fed individually, allowed together afterward, and observed to attribute defecations individually. They were fed twice per day at approximately 09:00 and 16:30. Water and a mineral lick (Lillico, Betchworth, Surrey, UK) were available at all times. The diet was the same that these animals received regularly at London Zoo, consisting of clover hay, mixed browse (green ash Fraxinus pennsylvanica, flowering cherry Prunus kanzan, common horse chestnut Aesculus hippocastamon, silver birch Betula pendula, and weeping willow Salix babylonica), fruits and vegetables (cabbage, carrot, potato, red beet root, apple, and orange), linseed cake (linseed lozenges, Masham Micronized Feeds, Yorks, UK), commercially available pelleted feeds (Dairy 16, Attlee Feeds; J & W Attlee Ltd, Parsonage Mills, Surrey, UK) and vitamin E cubes, (Mazuri Zoo Foods, Essex, UK). Due to poorer body condition and dull coat, anoa Herbert received a greater daily allowance of linseed than the other animals. All browse was clipped (leaves offered only) to allow an exact quantification of the amount ingested. The chemical composition of the feeds used is displayed in Table 1 .
Passage trials were carried out in all four animals in synchrony to the digestibility trial, using Chromium (Cr)-mordanted fibre (o2 mm, 10 g/animal) and Cobalt-ethylene diamine tetra acetic acid (Co-EDTA, 1 g/animal dissolved in 20 ml water) as particle and liquid phase markers, respectively (Ude´n et al., 1980) , fed as a bolus with continuous sampling of individual defecations afterward during zoo staff working hours (08:00-19:00 hr) for 5 days. Marker analysis was carried out according to Behrend (2000) by atomic absorption spectroscopy. Mean retention time (MRT) of the marker in the total GIT was calculated by integration of the marker excretion curve according to Thielemans et al. (1978) , fluid MRT in the forestomach according to Grovum and Williams (1973) , and particle MRT in the forestomach according to Lechner-Doll et al. (1990) .
Food items offered and refused were weighed on a daily basis for 7 days. Control samples for all food items were prepared similarly and re-weighed after 12 hr to determine evaporation water loss (accounted for in the calculation of food intake). Separate samples of the hay offered and the hay refused were analyzed to account for potential selectivity. All feces were collected, cleaned manually from adhering soil or feeds, and weighed for 7 days. A representative subsample of each defecation was used to compose one pooled fecal sample per animal and feeding trial. Samples were analyzed using standard laboratory procedures as outlined by Baer et al. (1985) . Additionally, mineral analysis was carried out on the same samples for calcium (Ca), phosphorus (P), sodium (Na), and potassium (K) by photometry after wet microwave ashing. Apparent digestibility (aD) coefficients and metabolic nitrogen losses were determined as described by Conklin-Brittain and Dierenfeld (1996) .
A one-page questionnaire was sent out to the 32 zoological institutions all over the world that keep lowland anoa. The questionnaire asked for basic information on the specimens (sex, age, body weight), details of diets offered (quantity, type, supplements), as well as any practical problems encountered in feeding these diets or medical problems thought to be associated with diet. Diets were evaluated by assuming average dry matter concentrations of 74-90% for roughages (depending of the type: less DM for Lucerne, more for grass or clover hay), 89% for concentrate feeds (pellets, grains), 15% for produce and 35% for browse. It was assumed that the animals would consume all concentrates and produce offered, and assuming a dry matter intake of 1,757 g/day (derived from the average intake data from the feeding trials in this study), the hypothetical remaining amount of roughage and browse intake was calculated. The ratio of unstructured:structured feeds ingested was calculated on a dry matter basis.
RESULTS
The average particle and fluid MRT were 3977 hr and 2574 hr for the total GIT, and 2775 hr and 1372 hr for the RR. Individual passage rate data are summarized in Table 2 . We observed a distinct difference between the pattern of fluid and particle marker excretion, as was evident from the calculated selectivity factor values (MRT particle RR/MRT fluid RR) that averaged 2.1470.40.
Compared to the hay as offered, the hay leftovers were lower in protein (11.2 vs. 8.4% DM) and higher in fibre (NDF 55.4 vs. 57.9% DM), indicating a certain degree of selectivity on the part of the anoas. Daily dry matter intake was relatively constant, and diet composition was similar for all animals (Table 3 ). Daily fecal dry matter excretion was also comparable for all animals with 522770 g. To balance fecal water losses, an average daily drinking water intake of 145 ml would have been necessary, but some animals were able to meet these losses by dietary water alone. For further details and digestibility coefficients, see Table 4 . Metabolic nitrogen losses averaged 3.8670.43 g N/kg DM food ingested. Of the 32 zoological institutions contacted, 15 (47%) responded to the diet questionnaire. The results of this questionnaire are summarized in Table 5 . The reported diets were composed of similar items, mainly hay (grass or Lucerne), pellets or grains, and fruit or vegetables. Due to differences in the quantities offered, however, hypothetical ratios of unstructured:structured diet items ingested varied distinctively between 0.17 and 2.11. Only 3 (20%) institutions reported medical problems that they deemed related to diet. Most notably, the facility with the highest hypothetical ratio of unstructured:structured feeds was the one that reported the most serious diet-related problem (chronic diarrhea).
DISCUSSION
According to Hummel and Kolter (2003) , passage rate data, and in particular the difference between particle and fluid retention in the reticulorumen, can be useful for understanding differences in digestive strategies between ruminant species. Clauss and Lechner-Doll (2001) compiled data on this difference using the selectivity factor (SF) as a comparative measure. In their compilation, browsing ruminants had SF between 1.14-1.80, whereas grazing ruminants had SF between 1.56-3.80. Intermediate feeders had values between 1.55-2.60. According to this scheme, the anoas measured in this study, with an average SF of 2.14, would seem to classify as intermediate feeders/grazers in terms of their rumen physiology. This could indicate that the anoa, despite the varied diet reported sporadically for this species, still bears resemblance in its digestive morphophysiology to the other, much larger representatives of the cattle family. In this respect, it would be interesting to investigate the actual proportion of grasses in the diet of free-ranging anoa. Another hint to a morphophysiologic similarity stems from the fecal dry matter contents displayed by the anoa in this study (average ¼ 21.2%), which is in agreement with the 23.7% observed in the comparative study by Clauss et al. (2004) for lowland anoa. This value is comparatively low for an intermediate feeder and resembles the low values generally displayed by the other members of the Bovinae. The digestibility coefficients measured for anoa in this study are generally high. In the only other reported digestion trial in which, among a series of other ruminant species, also anoa were investigated, this species achieved a NDF digestibility coefficient of 54% on a zoo diet with a NDF content of 55% and a unstructured:structured feeds ratio of 0.67 (Prins et al., 1983) . In our study, dietary NDF content of Diet 1 averaged 42.370.6% DM, the feeds ratio was accordingly higher with 0.8970.07, and NDF digestibility was high at 5777%. In comparison with other wild herbivore NDF digestibility coefficients from Prins et al. (1983) from animals that ingested a diet of similar unstructured:structured ratio, our anoa were comparable to waterbuck (aD NDF ¼ 59%) and fallow deer (aD NDF ¼ 59%), slightly superior even to European bison (aD NDF ¼ 52%), and distinctively superior to eland (aD NDF ¼ 37%). On a comparable diet, a zoo okapi achieved only an aD NDF of 46% (Hummel and Kolter, 2003) . These comparisons corroborate the assumption derived from the passage rates that anoa are, from a digestive physiology point of view, comparable to intermediate feeders with a strong tendency toward grazers; these feeding types have been shown to have generally higher fibre digestibilities than browsers (Iason and Van Wieren, 1999) . In this respect, feeding trials with anoas on roughage-only diets as used by Foose (1982) would be interesting. The metabolic nitrogen losses displayed by the anoa were comparable to results obtained by Conklin-Brittain and Dierenfeld (1996) for captive pudu (Pudu pudu), brocket (Mazama Americana), and duiker (Cephalophus spp.) that had endogenous nitrogen losses of 4.1-5.8 g N/kg DM ingested. For a thorough evaluation of anoa protein balance, however, more feeding trials with various dietary protein contents need to be carried out.
The results of the diet questionnaires indicate that anoa are generally fed a diet consisting of a roughage source (Lucerne hay, clover hay, grass hay), produce, concentrates (grains or pellets), and browse. The proportions of these food categories differed. The data also indicate that even a quantitative measure of the amount offered is, in itself, of little use in evaluating zoo diets, as the intake, especially of the roughages, will be by necessity less than the offered amount. The total amount of dry matter offered (per animal and day) in the zoos that responded to the questionnaire varied between 1.4-10.5 kg (mean ¼ 4.4 kg). This average is evidently more than a 85-115 kg anoa with a daily dry matter intake of about 2% of BW (i.e., 1.7-2.3 kg DM) can ingest. Therefore, the proportions of the individual feed items really consumed remain unknown. As ruminants, like other animals, tend to select the more energy-dense diet items, a worst-case scenario seems reasonable that assumes a more or less complete intake of unstructured food items (produce, concentrates), with only the remaining intake capacity being met by roughage intake. The ratio of unstructured:structured feeds has been used in ruminant nutrition as a rough indication of the suitability of a diet, with values of r1 being regarded as optimal, and values 41 as being indicative of a diet that could result in acidotic conditions in the forestomach (McCullough, 1969; Hummel et al., 2002) . The calculated ratio of structured:unstructured feeds in the reported anoa diets varied between 0.17-2.11. Apart from the health problems reported at Zoo 2 (hoof overgrowth, poor body condition), only two other facilities reported medical problems assumed to be nutrition-related in their anoa, namely stomach upset manifested as chronic diarrhea in adult animals. One of these facilities was the one with the highest ratio score of 2.11 of estimated ingested unstructured:structured ratio (the second highest value being 1.43). The other one had a calculated ratio of 1.16 and was the fourth highest of all facilities. It is reasonable to suggest that the high amount of unstructured feeds offered to these animals represent a potential health risk that could be reduced.
Ungulates should ingest diets with a maximal ratio of unstructured:structured feeds (on a DM basis) of 0.67-1.00 (Lintzenich and Ward, 1997) . In describing a ration in this way, it is crucial to understand that fruits in general, and most vegetables (with the exception of green vegetables such as lettuce or spinach) should be regarded as concentrate food. Due to the high sugar content, they are just as dangerous in terms of rumen acidosis as grains or high-starch pellets (Oftedal et al., 1996; . If it is decided that produce shall be part of a ruminant's diet, the amount of grains or pelleted concentrates needs to be reduced accordingly. With respect to the ''regular zoo diet'' investigated in this study (unstructured: structured ratio of 0.8970.07), a reduction in easily fermentable carbohydrates, starches and sugars contained in pellets and produce, would seem reasonable. With regard to the physiologic parameters recorded in this study, it would seem that anoas can be fed a intermediate feeder/grazer diet. As recommended by Lintzenich and Ward (1997) , an ideal roughage component of the anoas' diet would, in addition to the browse, consist not only of legume hay but also of an additional grass hay that would allow the animals to be selective in terms of the roughage source they prefer.
For a complete evaluation of the digestive strategy of anoa, not only quantitative investigations on diets in the wild would be necessary but also morphometric measurements of the digestive tract.
CONCLUSION
Compared to data from other ruminant species, the small sized anoa shows a digestive physiology typical for an intermediate feeder/grazer that is evident from the selective particle retention in the forestomach, digestibility coefficients, and fecal water content. As other ruminants, anoas should receive diets with a restricted amount of concentrate (pellets, grain, produce), and the ratio of unstructured: structured feeds (on a dry matter basis) is useful for monitoring ruminant diets in this respect.
